and 10 compared with PBS-injected control mice (n = 8, P < 0.01 DKmix cells vs control, P < 0.01 conditioned medium vs control at day 6). The treated groups exhibited more CD31(+)-capillaries at day 6 after injury compared with the control group (n = 4, P < 0.01 DKmix cells vs control, P < 0.001 conditioned medium vs control), whereas there was no change in infiltrated CD68(+) macrophages. Conditioned medium of DKmix cells induced tube formation of human endothelial cells in Matrigel assays (n = 4-6, P < 0.05 conditioned medium vs control) as well as migration (n = 4, P < 0.01 conditioned medium vs control) and proliferation of murine 3T3 fibroblasts (n = 5, P < 0.05 conditioned medium vs control). Abundant levels of matrix metalloproteinase -2 and -9 in the supernatants were detected. Protein arrays of the supernatants revealed a strong secretion of cytokines and growth factors, such as monocyte chemoatractant protein-1 and GM-CSF from DKmix cells. CONCLUSION: DKmix cells improve skin-substitute wound healing by promoting angiogenesis as well as migration and proliferation of fibroblasts. These data suggest that immortalized haematopoietic progenitor cells significantly improve dermal wound healing by paracrine effects. 
to initially produced factors) and the remodelling phase (regression of capillaries, ECMreorganization, and further maturation of the new tissue) [1] . Of note, cytokines and growth factors released at the wound site are essential for wound healing. In this regard, vascular endothelial growth factor (VEGF) has been shown to promote wound angiogenesis [2] [3] [4] , monocyte chemoatractant protein (MCP)-1 is known to be involved in the recruitment of inflammatory cells into the wound [5] whereas interleukin (IL)-6 drives cell growth and differentiation [6] . Overall, efficient wound healing involves numerous factors, especially a sufficient supply of cytokines and growth factors [7] and adequate circulation of oxygenated blood.
The transplantation of precursor cells has become a promising therapy for wound healing and repair of ischemic tissues, e.g. after myocardial infarction [8] [9] [10] . Recent The mechanisms by which stem and progenitor cells contribute to tissue regeneration and wound healing remain controversial. There are several reports that secreted cytokines and growth factors from stem and progenitor cells are critical for wound healing [3] in a paracrine manner. These factors have implications in local inflammation, re-epithelialization, granulation tissue formation, neovascularization, and production through multiple mechanisms [4] . The healing of a skin wound is a complex biological process, requiring a distinct collaboration of many different cells and tissues. Different experimental animal models have been established to study skin regeneration [23, 24] . In this study, we took advantage of a well-defined experimental murine model of dermal wound healing by mechanical application of a skin injury [15, 25] . In this model wound healing can be easily investigated by time-dependent monitoring of wound closure. The purpose of the present study was to investigate the effects of locally applied immortalized hematopoietic progenitor cells on dermal wound healing. Furthermore, we tested the hypothesis that progenitor cells exert their effects in this context mainly by paracrine secretion of soluble factors. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Methods
Cell Culture
The hematopoietic multipotent progenitor cell line DKmix was generated and characterized as described [21] . Briefly, human β-catenin cDNA was cloned into the retroviral vector SFβ-91-IRES-eGFP, and recombinant VSV-G pseudotyped retroviruses were generated in the packaging cell line Phoenix-gp. Retroviral gene transfer into lin -cells was performed in the presence of a stem cell cytokine cocktail consisting of 10 ng/ml rmIL-3, 50 ng/ml rhIL-11, 50 ng/ml rhFlt-3 and 50 ng/ml rmSCF (all from Cell Systems, St. Katharinen, Germany) over 48
hours and transduced with a multiplicity of infection of 10 with 8 µg/ml polybrene (Sigma).
DKmix was continuously cultured in suspension for more than 3 years in IMDM containing 10% FCS, 2 mM L-Glutamine, 1 % Penicillin-Streptomycin, 1 mM Non-essential amino acids, 5 x 10 -5 M 2-mercaptoethanol, 10 ng/ml rm-IL-3 and 50 ng/ml rm-SCF (all from Cell Systems, St. Katharinen, Germany).
Flow cytometry
Single cell suspensions were stained and examined on a BD FACSCalibur flow cytometer.
Analysis was performed using CellQuest Pro software (BD Biosciences). The monoclonal antibodies against c-kit-APC, Sca-1-FITC were from BD Pharmingen. Cells were also stained with corresponding isotype-control antibodies. Fluorescence intensity plots are shown in log scales.
Collection of Conditioned Medium
Conditioned medium was generated as follows: DKmix cells were cultured in IMDM + 10%
FCS for several days. After washing two times with serum free IMDM, cells were cultured in serum and additive free IMDM for an additional 12 h. Cells and medium were than harvested, 
Animals and Dermal Wound Healing Model
All animal experiments were approved by the local committee on animal research (509. were considered as healed when the wound area was completely closed, the epithelial covering was restored, and the surface of the wound was smooth, homogeneous in colour, and without residual defects. 
Analysis of Dermal Wound Sizes
Each wound region was digitally photographed at the indicated time points, and wound areas were calculated using Corel Draw® software (version 12; Adobe Systems, San Jose, CA).
The investigators measuring samples were blinded to group and treatment. Wound sizes at any given time point after wounding were expressed as percentage of initial wound area at day 0. Wounds were left uncovered and harvested with an 8 mm biopsy punch in mice cohorts of n = 8 per group at indicated time points.
Statistical Analysis
Data are presented as mean±SEM. Differences between groups were analyzed by Student`s ttest followed by Bonferroni test. A p < 0.05 was considered to indicate statistical significance.
Histological examination
Mice were sacrificed by CO 2 inhalation. Wounds with a margin of 2-3 mm of surrounding healthy tissue were excised, embedded in O.C.T. Tissue TEK (Sakura Finetek, Inc., Torrance, CA) and frozen in liquid nitrogen. For immunohistochemistry, each wound was trimmed from the border to about 1/3 of the total wound area. The following wound tissue directed to the centre of the wound was serially sectioned (6.0 µm thickness) perpendicular to the wound surface. Every 25th section (4 of each wound) in a distance of 150 µm was then subjected to immunohistochemistry.
For the recovery of transplanted cells, sections were counterstained with DAPI and TAMRAlabelled cells were identified by their immunofluorescence at 566 nm.
Capillary density and macrophage content (n = 4 mice per group, two wounds per mouse)
were determined by immunohistochemical staining with antibodies specific to CD31 (clone 390, Serotec, Oxford, UK) and CD68 (clone FA-11, Serotec, Oxford, UK), respectively.
Briefly, 6 µm sections were fixed in acetone for 15 min at room temperature, air dried, then Migration was carried out for 6 hours at 37°C, 5% CO 2 . Migrated cells into the lower chamber were quantified by counting in a Neubauer counting chamber using an inverted cell culture microscope (magnification, 100 x; CKX31, Olympus, Hamburg, Germany).
Proliferation Assay
3T3 fibroblasts were cultured in 96-well plates in RPMI medium containing 10% FCS to ~50% confluence and maintained over night in RPMI medium without FCS. Cell proliferation after 16 hours was measured on the basis of DNA synthesis by 5-bromo-2'-deoxyuride (BrdU) incorporation in the presence of 10% FCS or supernatants from DKmix cells with a commercial colorimetric quantification kit (Roche, Mannheim, Germany) according to the manufacturer's protocol. The amount of reaction product was determined by measuring the absorbance at 450 nm using a plate reader (µQuant, BIO-TEK, Bad Friedrichshall, Germany).
Gelatine Zymography
Supernatants from DKmix cells were separated by 10% SDS-PAGE supplemented with 1 mg/mL gelatin. Recombinant mouse MMP-2 and MMP-9 was used as control. Gels were 
Protein Array
Supernatants from DKmix cells were analyzed using a commercial protein array for murine and quantified densitometrically using a gel image analysis system (GeneGenius, Syngene, Cambridge, UK) and the software Quantity One (Bio-Rad, Hercules, CA).
Enzyme-linked immunosorbent Assay (ELISA)
Supernatants from DKmix cells were analyzed for MCP-1, IL-6, GM-CSF and VEGF levels using a commercial ELISA (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol. 
Results
Characterization of the Hematopoietic Progenitor Cell Line DKmix
We 13 medium = 0.5±0.2%, PBS = 7.5±1.5%; % wound area of day 0). We did not observe a significant difference in wound-closure rates among these groups at day 13.
DKmix cells and their Conditioned Medium Enhance Wound Capillary Density
Immunohistological staining of tissue sections for CD68-positive macrophages, as one wound inflammation marker, revealed no differences among the three groups at day 6 ( Figure 3A) . In contrast, endothelial cell-specific staining for CD31 showed increase capillary density in wounds treated with DKmix cells and their conditioned medium at day 6 compared to PBS treated wounds. As shown in Figure 3B , capillary density was significantly higher in DKmix cells treated wounds (5.60±0.52% of total wound area) and in wounds treated with the conditioned medium of DKmix cells (6.92±0.87% of total wound area) than in PBS treated wounds (3.03±0.38% of total wound area).
Conditioned Medium from DKmix cells Enhances Angiogenesis as well as Migration and Proliferation of Fibroblasts in vitro
We observed comparable effects on wound healing using DKmix cells or their conditioned medium suggesting that paracrine acting factors rather than cell-dependent effects promote wound tissue regeneration. Therefore we focused on the conditioned medium from DKmix cells to study the potential underlying regenerative mechanism. To investigate the effect of the conditioned medium on the angiogenic potential of endothelial cells, a Matrigel tube formation assay in vitro was employed using human endothelial cells (HUVECs). We Figure 4C ) as measured by BrdUincorporation.
DKmix cells secrete MMPs, cytokines and growth factors
Since ECM-reorganisation in wound healing critically depends on the activities of proteases such as matrix metalloproteinases (MMPs) we performed gelatine zymography of the conditioned medium from DKmix cells. We could detect large amounts of pro-MMP-2 and pro-MMP-9 but also small amounts of the active form of both MMPs ( Figure 5A ). To examine potentially wound healing supporting cytokines and growth factors secreted by DKmix cells, we performed a commercially available protein array. Of note, we were able to detect most of the factors present on the array ( Figure 5B ). To confirm the data of the array
and to obtain more quantitative data we performed ELISA assays for selected factors, such as MCP-1 (1017.6±153.8 pg/mL), IL-6 (70.5±1.3 pg/mL), GM-CSF (2.8±2.0 pg/mL) and VEGF (67.3±44.4 pg/mL). Neovascularization is a crucial step in the wound healing process [4, 31, 32] . Analysis of neovascularization in the wounded tissue using the endothelial cell-specific marker CD31 revealed a significant increased capillary density in wounds treated with DKmix cells and their conditioned medium at day 6 compared to PBS treated wounds. These data suggested that paracrine acting factors rather than cell-dependent effects promote wound tissue regeneration. Our observations are in accordance with recent studies, demonstrating pro- cell-mediated therapy as well as the application of progenitor cell-derived factors could be very useful for wound repair which requires functional vasculature to carry sufficient blood supply to meet massive local demands for fibroblast proliferation, extracellular matrix synthesis, and re-epithelialization.
Contrary to wound angiogenesis we did not observe differences in the amounts of recruited CD68-positive macrophages into the wound between the groups at day 6. Therefore, our study suggests that a progenitor cell-based therapy did not enhance wound inflammation. This is in contrast to a study by Suh et al. which demonstrate that EPCs promote the recruitment of monocytes/macrophages into the wound [15]. These differences are maybe attributed to the different progenitor cell population used and to the secretion of a different pattern of paracrine acting factors, respectively.
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